SiC, 3 and GaN-on-silicon substrates. 4 For example, high efficiency phosphor-free white nanowire light-emitting diodes (NW-LEDs) on silicon exhibited nearly zero efficiency droop, 5 and negligible quantum confined Stark effect (QCSE), which is desirable for improved quantum efficiencies. 6 In this regard, we have demonstrated improved performance of NW-LEDs and lasers emitting at green, red and longer wavelengths using InGaN/GaN Qdisks in nanowires on silicon. [7] [8] [9] [10] [11] Despite the high-quality nanowires and devices grown on single-crystalline silicon substrates, there are research issues that remain to be addressed. One of the issues is related to the formation of an amorphous SiN x layer when the active nitrogen radicals impinge upon the silicon surface, 12 which hinders carriers flow and heat dissipation. Another contributing factor is related to the small diameter of nanowires, which resulted in the high injection current density and the associated high junction temperature in NW-LEDs and lasers, as compared to that in the conventional planar devices. 13 Additionally, the electrons and phonons that carry heat away are confined to one-dimensional transport along the nanowire. 14, 15 The thermal management of nanowire devices is thus critical for avoiding "thermal droop" because of the high heat flux and carrier depopulation from the Qdisks, leading to efficiency roll-over. 16 The issue is further aggravated by the high operating temperature of 120 o C in practical solid-state lighting applications. 17 Furthermore, significant visible light absorption in Si reduces quantum efficiencies of LEDs.
To address the thermal conductivity and/or absorption issues, GaN nano-and micro-structures have been demonstrated on diamond and amorphous glass. 18, 19 However, these techniques do not 4 simultaneously resolved the absorption, thermal-and electrical-conductivity issues for highpower device operation at elevated temperatures. Recently, bulk Mo and Mo-compound, has been utilized as effective heat sinks and thermal-matching substrates in planar LEDs based on wafer bonding and/or laser lift-off. 20, 21, 22 In addition, the growth of GaN nanowires on metal thin film, such as Ti and Mo, deposited on sapphire or Si has been reported recently by M. Wolz et al. and A. Sarwar et al. 23, 24 However, there was no report on the direct growth of high-density (>10 10 cm -2 ) vertical hexagonal nanowires and high-power, droop-free InGaN/GaN Qdisks nanowire devices on bulk-metal substrates, especially the high indium (In) content InGaN quantum-structure emitting in the red color optical spectrum, which is an almost inaccessible wavelength regime in this material system.
In this paper, we demonstrate for the first time the direct growth of high-quality, high-density InGaN/GaN Qdisks-in-nanowires for facile formation of high-power LEDs on commercial polycrystalline Mo substrates formed via MBE using Ti as an interlayer. Our approach utilized the effective heat-sinking and electrical conductivity properties of Mo substrates, as well as the inherent formation of metallic nitrided Ti (TiN) as the buffer layer for growing wurtzite structures, 25, 26 and ohmic contact for n-GaN, 23, 27 thereby considerably simplifying the subsequent fabrication process. The TiN, as an integral part of a light-emitting device is also a good reflector for long visible wavelengths.
28, 29
Moreover, we performed extensive characterization and growth mechanism studies of InGaN/GaN Qdisks in nanowire on bulk Mo substrates. The results based on the full-width at half-maximum (FWHM) values of 396 arcsec in X-ray diffraction (XRD) rocking curve spectra of the GaN(0002) reflection, as well as photoluminescence (PL) and Raman spectroscopy measurements, demonstrated that the nanowires were of high structural and optical quality. In the following experiments, the nanowires samples were grown on commercial polycrystalline Mo substrates with dimensions of 1 cm ×1 cm × 0.05 cm using Veeco Gen 930 plasma-assisted MBE system. A 500-nm layer of Ti was deposited on the Mo substrates using an electron beam evaporator before it is loaded into the MBE chambers. The growth temperature was monitored using a pyrometer based on the emissivity of Mo. The plasma source was operated at 350 W using a constant N 2 flow rate of 1 standard cubic centimeter per minute (sccm). For studying the growth mechanism, GaN nanowires were grown on Mo substrates for 2 hours under varying conditions. The Qdisks in nanowire were composed of ~150 nm n-type GaN to be ~1×10 18 cm −3 . Before growth, the surface morphology of the substrates was examined using 31 The TEM images of the interface were obtained using an FEI Titan 80-300 kV (ST)
with the field-emission gun operating at 300 kV. Raman measurements were carried out on a Horiba Jobin Yvon confocal micro-Raman using 473-nm and 325-nm laser excitation sources in the backscattering geometry. Micro-photoluminescence (µPL) measurements were performed using a 325-nm and 473-nm excitation laser at room temperature (RT) and 77 K. θ-2θ and rocking-curve XRD scans were used to examine the crystal quality of the nanowires using a Bruker D8 Discover diffractometer with Cu K α radiation at an applied power of 40 kV × 40 mA.
The reflectivity of the samples was studied using a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. The NW-LEDs with mesa diameter of 200 µm were fabricated similar to our previous report. 7 The light power-current (L-I), current-voltage (I-V) characteristics and electroluminescence (EL) spectra of the NW-LEDs were measured under direct current (DC) injection using a microscope based EL system integrated with a Keithley 2400 source meter, a Newport power meter (Model 2936-C) and an Ocean Optics QE65000 spectrometer. The light 7 output power was measured from the top of the NW-LEDs, through an optical microscope objective, using a calibrated Si photodiode connected to the optical power meter.
The surface morphologies of the bare Mo substrates and the Ti-coated Mo substrates were examined using AFM. As shown in Figure 1a , the Mo substrates showed a root-mean square (RMS) roughness of 8.5 nm with deep pits on the surface. The AFM image in Figure 1b shows the Ti-coated (500 nm) Mo substrates after undergoing thermal cycles up to the growth temperature in the MBE growth chamber. The Ti layer has a lateral grain size of 50 -70 nm and RMS roughness of 6.1 nm, and the deep pits were partially covered by the grains. The 500-nmthick Ti interlayer and the associated grain size were chosen to avoid severe coalescence between the nanowires, as will be discussed later (see the Supporting Information for more details on the effect of the Ti interlayers on the growth of nanowires, S1). Despite the rough surface of the Ti- Qdisks growth. 7 The suppression of coalescence can be further realized if one considers separating the nucleation and growth processes of the nanowires. preferential (0002) crystalline orientation was measured because the plane has the lowest surface energy. 19 After GaN growth, the Ti(0002) peak remained, and TiN(111), GaN(0002) and
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To study the growth evolution, GaN nanowires were grown on Ti/Mo substrates for 2 hours under different conditions and then characterized using SEM and Raman spectroscopy. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 Supporting Information for more details on the GaN nanowires grown on Ti-coated Si substrates, S5). As the growth temperature decreased, the densities of both the nanowires and nanostructures increased, as shown in Figure 3b and c. However, because of the limited lateral space between the nanostructures, the growth of the branched nanostructures was hindered by the surrounding nanostructures, promoting only the growth of vertical nanowires. At growth temperature of 600 o C, the diffusion of Ga atoms was limited along the sidewalls, thus resulting in the enhanced lateral growth, and coalescence of GaN islands (see Figure 3d) . At the lowest growth temperature of 560 o C, we observed only large-area, two-dimensional GaN fragments (see Figure   3e ).
When growing at Ga flux of 1×10 -8 Torr while fixing the substrate temperature at 640 o C, the densities of nanowires and branched structures were low, as shown in Figure 3f , because of the limited number of GaN nuclei on the surface. With increasing Ga flux, the number of nuclei increased, leading to the formation of higher density nanowires and branched structures. Because of the different diffusion lengths of Ga and N atoms along the sidewalls of the nanowires, the Ga atoms on top of nanowires can be more than N atoms despite the N-rich conditions during the growth. 35 As a result, the radial growth of the nanowires was promoted, thereby increasing the diameters of the nanowires as the Ga flux increases, as shown in Figure 3g . At a Ga flux of 5×10 -8 Torr, the coalescence of adjacent nanowires became apparent. At a Ga flux of 1×10 -7 Torr, the extensive coalescence of nanowires led to the formation of a compact GaN layer with islands.
We further verified the quality of the GaN nanowire-crystals using Raman spectroscopy based on the different penetration depth of both 325-nm and 473-nm laser excitation (see the Supporting Information for more details on Raman characterization of GaN nanowires grown at Besides structural quality, polarity also has a significant effect on the properties of nanowires and plays an important role in device design. Jang et al. have found that Ga-polar GaN has larger surface band bending than N-polar GaN. 36 Kwak et al. have reported that the Ti/Al contacts prepared on Ga-polar n-GaN substrates became ohmic after annealing, whereas the contacts on N-polar n-GaN substrate exhibited rectifying current-voltage curves. 37 To design LEDs based on the nanowires grown by our process, we examined the polarities of large area nanowires based on KOH selective etching of N-polar GaN. 38 The SEM images of the nanowire samples, before and after KOH etching for 2 hours, are shown in Figure 4a and b. Figure 4b clearly shows the remaining nanowires with the triangle-like tips after etching, indicating that the lateral etching process is faster at the tops of the nanowires, hence the nanowires are N-polar. It is worth mentioning that the nanowires samples after KOH etching retained their golden color. It is confirmed from the XRD spectra in Figure 4c that the TiN layer was retained, whereas the Ti 29, 39 Furthermore, reflectivity measurements showed a crossover point for TiN and Ti spectra at 532 nm (see Figure 4d) ; thus the TiN layer can improve the reflectivity for wavelength longer than 532 nm. This is advantageous for our LEDs emitting at 705 nm as will be shown later.
We further examined the polarities of randomly selected single nanowire based on TEM. The Figure 4g , because of its high sensitivity to N atoms. 40 For N-polar c-plane GaN, the N atoms were on the tops of the Ga-N dumbbells, as depicted in Figure 4h showing the schematic of the wurtzite crystalline structure viewed along [2-1-10] direction. Figure 4i evidently shows the stacking order in the lattice along the growth direction, from which the N-polarity of our nanowire was confirmed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 In the following, we examine the optical and optoelectronic properties of the GaN nanowires and InGaN/GaN Qdisks in nanowires. Figure 5a shows the RT PL of the GaN nanowires, which revealed strong near-band-edge ultraviolet PL at 3.40 eV with a FWHM of 59 meV and without defect-related yellow emission, indicating high optical quality. This correlates well with the XRD measurements and TEM observations. The In composition was meticulously tuned to achieve the peak emission wavelength of 701 nm (see inset in Figure 5a ), which can be readily reflected by the TiN reflector layer underneath the nanowires. This is within a wavelength 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 regime almost beyond-reach in this material system. Figure 5b shows the power dependent PL spectra for InGaN/GaN Qdisks in nanowires measured at RT. The PL peak shift from Qdisks was negligible, suggesting a considerably small polarization field. The inset of Figure 5b shows the increase in the integrated PL intensity with excitation power density in InGaN/GaN Qdisks in nanowires at 77 K and RT, which were higher at 77 K compared to that of the RT at all excitation powers because of the considerably lower non-radiative recombination rate at 77 K. 42 Using the optimally tune process and considerably high quality material, LED devices were fabricated. Figure which has not been reported before. This is attributed to the excellent ohmic contact formation and high crystal quality. Figure 5d shows the RT electroluminescense (EL) spectra of the NWLEDs at different injection current densities, in which the LED emitted at ~705 nm with negligible blueshift in the range of 100 -400 mA injection current. The inset of Figure 5d shows the output power versus current curves (L-I) of the LEDs, and the corresponding external quantum efficiency (EQE) of the LEDs, calculated using the equation η ext = (P / hυ) / (I / e), where P is the light output power of the LED, υ is the frequency of light from the EL wavelength of the LED, I is the injection current, h is Planck's constant, and e is the electron charge. The LED does not show efficiency droop up to the injection current of 500 mA (1.6 kA/cm 2 ) at ~ 5 V forward bias voltage, likely due to reduced defect-and phonon-assisted Auger recombination as a result of high-quality nanowires grown on our high thermal conductivity platform. [43] [44] [45] [46] [47] The light output power measured in continuous-wave mode is up to 1.76 mW, which is higher than reported NW-LEDs and planar long wavelength LEDs, thus exhibiting its potential for high 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ACS Paragon Plus Environment Nano Letters   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
